We perform first-principles density-functional theory calculations to investigate the structural and electronic properties and the formation energies of nitrogen vacancies in wurtzite InN. We report an extensive and systematic study of the favorable atomic and electronic configurations of up to six vacancies in large supercells. The isolated vacancy acts as a donor in a p-type material where there is very little interaction between the singly positive charged vacancies. Their spatial distribution is therefore predicted to be random arrangements of single defects. However, in more n-type materials, the neutral charge state becomes favored and we find that the vacancies then prefer to be situated close to one another on the nearest-neighbor ͑like species͒ sites, forming "vacancy complexes or clusters." In the highest positive charge state of the complexes, the clustering is unstable with respect to isolated single positive charged vacancies. However, the negatively charged and lower positively charged ͑e.g., 1+ and 2+ charge states for three nitrogen vacancies͒ complexes also exhibit an attractive interaction between the vacancies, thus also favoring clustering. The formation of such nitrogen vacancy clusters gives rise to local indium-rich regions with metallic-like bonding. We discuss the effect that these defect structures have on the nature of the electronic states in the region of the band gap, in relation to recent experimental results ͑as measured by, e.g., infrared photoluminescence, x-ray diffraction, and transmission electron microscopy͒.
I. INTRODUCTION
In recent years, group III nitrides ͑GaN, AlN, and InN͒ and their alloys have attracted significant technical and scientific interest because of their great potential for the development of, and current use in, optoelectronic devices operating in the blue and ultraviolet ͑UV͒ regions of the spectrum, which is related to their wide and complementary differences in the fundamental band gap.
1-3 Indium nitride, which is by far the least studied of the group III nitrides, is one of the most "intriguing" semiconductor materials studied up until now. This is the case despite its important role in the active In x Ga 1−x N layer in short wavelength light-emitting diodes and laser diodes, whereby increasing the In contents makes it possible to extend the light-emitting range from the UV to the red region. In particular, even the fundamental physical parameters of InN are still under debate: e.g., there has been recent controversy over the band gap of InN, i.e., whether it is around 1.9 eV, as has been widely accepted, 4, 5 or closer to 0.7-0.8 eV, as has been experimentally reported [6] [7] [8] and obtained from recent first-principles calculations. [9] [10] [11] Although some recent experiments 12 report a somewhat larger value of 1.4 eV, ab initio calculations in the literature give a wide range of values for the band gap of wurtzite InN depending on the following description: all-electron and pseudopotential calculations including the In 4d electrons yield a tiny, no, or negative band gap; 8, 13 self-interaction and relaxation corrected pseudopotential calculations give 1.55 eV; 14, 15 GW calculations yield 0.02 eV; 8 and a value of ϳ1.4 eV was estimated by using the exact-exchange ͑EXX͒ approach. 16 Screened exchange local-density approximation ͑LDA͒ calculations report band gaps of 0.8 eV ͑Ref. 9͒ and 0.54 eV. 17 More recent first-principles calculations including quasiparticle effects ͑in combination with other treatments, e.g., selfinteraction correction and EXX͒ report band gaps closer to 0.7-0.8 eV. 10, 11 With the nonlinear core correction ͑nlcc͒ approach, 18 the band gap is calculated to be 0.65 eV, which is larger than the value with the In 4d electrons included in the pesudopotential calculations. We note that it is more usual for the nlcc approach to yield a somewhat larger gap than for treatments that include the In 4d electrons. This is due to the absence of repulsion between the metal d states and the top valence p states of the anion atom at the zone center. ͓See, e.g., the discussion in Ref. 19 . For zinc-blende ͑cubic͒ GaN, the band gap obtained using the all-electron full-potential linear muffin-tin orbital approach is 2.0 eV, while the value obtained using the nlcc approach is 2.66 eV. 20 Also, by using the nlcc approach, values of 2.80 and 3.0 eV were reported for the zinc-blende and wurtzite phases of GaN. 21 ͔ It is thought that the varying experimental values of the band gap is related to the difficulty in producing pure InN; that is, uncontrolled intrinsic ͑or extrinsic͒ defects may be the cause of the wide range in experimentally reported band gaps. [22] [23] [24] Recent advances in crystal-growth techniques have now opened the door to obtaining higherquality InN samples 25 and has stimulated new experimental discoveries of this material, 26 which are expected to have a significant impact on device applications involving InN. Much of the work concerning crystal growth and characterization of InN is summarized in recent reviews. [27] [28] [29] To date, there are few experimental studies of the defect structures in this material. Nitrogen-rich stoichiometries have been reported to form in InN grown by radio-frequency sputtering, 22 and materials grown by different epitaxy methods have reportedly had inclusions of In metal. 12 In order to control the material properties and ultimately the device characteristics, understanding of the defects ͑both native and impurity defect complexes͒ in this interesting and important material is crucial.
In this paper, we have thoroughly investigated the atomic structure, electronic properties, and associated formation en-ergies of nitrogen vacancies in InN through ab initio calculations. Interestingly, we find that in more n-type materials, nitrogen vacancies have a tendency to form "clusters" in the neutral, negative, and some positive charge states, while in a p-type material, in the highest positive charge state, there is very little interaction between the vacancies, and thus there is no tendency to form clusters. Clustering of nitrogen vacancies leads to a locally indium-rich region, giving rise to defect states with metallic-like bonding.
II. CALCULATION METHOD
Our density-functional theory calculations are carried out using the LDA 30 for the exchange-correlation functional, and the pseudopotential plane-wave method in a supercell geometry with the ESPRESSO code. 31 We use norm-conserving pseudopotentials, 31 including scalar-relativistic corrections, treating the In 4d electrons with nlcc, and using an energy cutoff of 60 Ry. A reciprocal space k-point mesh of 3 ϫ 3 ϫ 3 for all the supercells is employed. We also perform selected calculations that include all electrons 32 for comparison. We use 72-, 96-, and 128-atom wurtzite supercells where all the atomic positions are fully relaxed.
We consider "doping" of up to six nitrogen vacancies ͑V N ͒ in the supercell by determining the lowest energy and charge state configurations. The formation energy of the defect system in the charge state q is given by ͑shown for a single nitrogen vacancy͒,
where E tot ͑V N q ͒ is the total energy of the supercell containing the defect in charge state q and E bulk tot is the total energy of the supercell of the same size, which contains only bulk material. N is the chemical potential of the nitrogen atom and E F is the Fermi level, which is chosen to be zero at the valence band maximum, where we properly add a correction term ⌬V to align the reference potential in the defect supercell with that in the bulk. 33 We choose In-rich conditions to display our results by setting the indium atom chemical potential to In = In͓bulk͔ , where In͓bulk͔ is the chemical potential of the In atom in bulk metal In, and by determining N from the assumption of thermodynamic equilibrium ͑ In + N = InN , where InN is the chemical potential of bulk indium nitride͒. N-rich conditions require taking N =1/ 2 N 2 , which is the chemical potential of a N atom in the N 2 molecule. In is then determined by the above condition for thermodynamic equilibrium. The results of these studies afford the prediction of the lowest energy defects, that is, which nitrogen vacancy configurations and associated charge states are most likely to exist in InN under certain experimental conditions ͑e.g., nitrogen rich or indium rich and p type or n type͒.
Since we also investigate complex formation, we calculate the binding energy, which determines the stability of the defect complex ͑X 1 X 2¯XN ͒ in the charge state q, defined as
where
the formation energies of defect X i in charge state q i . The sign has been chosen such that a positive binding energy corresponds to a stable bound complex. For the case of a n nitrogen vacancy complex in the q = n + charge state, this expression simply reduces to
III. RESULTS
A. Bulk InN, In, and the N 2 molecule
The optimized wurtzite InN lattice constants are a = 3.511 Å, c / a = 1.624, and u = 0.376, which compare well with the experimental values ͑i.e., 3.533 Å, 1.611, and 0.375͒. 34 We calculate the convergence of the heat of formation of InN as a function of cutoff energy, and find that the difference between 50 and 60 Ry is 16 meV but there is only 1 meV between 60 and 80 Ry. We therefore use 60 Ry for our supercell calculations. The heat of formation ⌬H f is calculated to be −1.16 eV. The reported experimental values range from −0.22 to −1.49 eV. 34 The cohesive energy is calculated to be −10.24 eV, where we include the spinpolarization energies of the N and In atoms of 2.925 and 0.076 eV, respectively. The experimental value is −7.97 eV. Thus, the LDA and nlcc approaches overestimate the cohesive energy and heat of formation, as reported in Ref. 35 .
The bond length and binding energy of N 2 are calculated to be 1.103 Å and 11.11 eV, respectively, exhibiting the well known overbinding. 35 The experimental values are 1.098 Å and 9.91 eV. 36 Bulk indium crystallizes in a body-centeredtetragonal structure, which corresponds to a distorted facecentered-cubic arrangement. It also undergoes a phase transition to a more close-packed structure depending on the c / a ratio. 37 The cohesive energy of bulk in the body-centeredtetragonal structure is calculated to be −3.52 eV with optimized lattice constants a = 3.011 Å and c = 4.756 Å. For these calculations, we used a 6 ϫ 6 ϫ 6 k-point mesh and an energy cutoff of 60 Ry. 38 All-electron calculations 32 yield −3.25 eV with optimized a = 3.20 Å and c = 4.905 Å. The experimental value is −2.52 eV for the cohesive energy 39 with a = 3.24 Å and c = 4.937 Å. 40 
B. Single nitrogen vacancy
We first calculate the atomic and electronic structures and the formation energy of the single nitrogen vacancy ͑V N ͒. This defect induces defect states in the conduction band occupied by one electron, which is located at the conduction band minimum in the calculations ͑see Fig. 4͒ . The vacancy thus acts as a single donor. The lattice relaxations around V N are such that for the neutral state, the four In nearest neighbors are averagely displaced inward toward the vacancy by 3.2% with respect to the equilibrium In-N bond length, and for V N +1 , the displacements are inward by 1.8%, as shown in Fig. 1 .
C. Two and more nitrogen vacancies
We now investigate whether nitrogen vacancies prefer to cluster together, exhibiting an attractive interaction or to be well separated, exhibiting a mutually repulsive interaction. To do this, we consider "vacancy doping" of up to six neutral nitrogen vacancies by performing an exhaustive search for the favored atomic structures. For two and three vacancies, a complete search is carried out in the 72-atom cell, resulting in 7 and 21 atomic configurations, respectively. All clearly favorable configurations are recalculated in a 96-atom cell. Since the most favorable two and three nitrogen vacancy configurations are clearly found to prefer clustering, i.e., to occupy the nearest-neighbor ͑like species͒ sites, for the larger vacancy complexes ͑n Ͼ 3͒, we tested various configurations by adding the extra vacancy to the most favorable configuration with n − 1 vacancies in the 96-atom cell. ͓Note that throughout the paper, we use the term "nearest-neighbor site" where it refers to like species sites ͑i.e., not nearest In-N neighbors͒.͔ In all cases, the results show that the nitrogen vacancies prefer to be clustered together, occupying nearestneighbor ͓either "in plane," i.e., the vacancies are located in the same ͑0001͒ plane, or "out of plane," i.e., the vacancies are located in different ͑0001͒ planes͔ sites. The most favorable structures are then refined in a 128-atom cell. In Table I , we list the energies of the two most favorable structures, as well as the corresponding values for well separated vacancies ͑for 2V N and 3V N ͒. Figure 2 shows the atomic geometries for the two lowest energy vacancy pair configurations, and Fig.  3 shows the lowest energy atomic geometries for the 3V N to 6V N complexes.
For the vacancy pair, the most favorable configuration is where the vacancies are located out of plane on the nearestneighbor sites ͑Fig. 2, left͒. The next most favorable structure consists of the two vacancies on the nearest-neighbor sites in the same ͑0001͒ plane ͑Fig. 2, right͒, where the energy is 128 meV higher. For the favorable structure, four In-In distances have contracted, resulting in bond lengths very similar to those in bulk In ͓3.7% ͑−3.7%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔. The favorable out-of-plane vacancy pair induces a number of single defect states in the conduction band region, where one band is doubly occupied, as seen in Fig. 4 , which shows the band structure. The defect induced states are indicated in Fig.  4 by the arrows, where all states at and between the arrows, are defect states. We assigned the defect states by plotting the spatial distribution of the square of the wave function at the ⌫ point. For this vacancy pair, we therefore consider the 1+ and 2+ positive charge states, as well as the 1− and 2− negative charge states, and find that all are stable. With the exception of the single nitrogen vacancy ͑which has a singly occupied defect state above the conduction band maximum, which is labeled "B" in Fig. 4͒ , all the "vacancy clusters," as for the vacancy pair, can either act as donors or acceptors, as will be seen below. The calculated binding energy, however, for the vacancy pair in the 2+ positive charge state shows that the complex is unbound ͑see Table II͒, so that it is energetically favorable for the vacancies to exist as singly charged isolated defects. Correspondingly, for the 2+ charge state, there is no contraction of the In-In bonds about the vacancies. Similar to the neutral charge state, there is a contraction of the In-In distances about the vacancies for the negative charge states, resulting in bond lengths that are very similar to those in bulk In ͓average of 2.0% ͑−5.3%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔.
For doping of three vacancies in the neutral charge state, the most favorable configuration is the one where one vacancy is located out of plane and the other two are located in plane, again occupying nearest-neighbor sites ͓see Fig. 3͑a͔͒ . The next most favorable structure, with an energy that is 140 meV higher, is where all three vacancies are located at the nearest-neighbor sites in the same ͑0001͒ plane. For the favorable complex, there is a contraction of five of the In-In distances about the vacancies, again resulting in bond lengths very similar to those in bulk In ͓average of 3.9% ͑−3.5%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔. This constitutes an average effective inward displacement toward the vacancy of the surrounding In atoms by about 11%. The most favorable 3V N complex induces a number of singlet defect states in the region of the conduction band, one of which is fully occupied by two electrons and another that is occupied by one electron, the rest being unoccupied ͑see Fig. 4͒ . We therefore consider the 1+, 2+, and 3+ charge states, as well as the 1−, 2−, and 3− negative charge states, and find that all are stable. Similar to the pair vacancy complex, the binding energy of the complex in the highest positive charge state ͑3+͒ is not bound, indicating that isolated singly charged vacancies are preferable ͑see Table II͒ . For all other charge states, the binding energy is positive, indicating that clustering is favorable. Similar to the neutral charge state, there is on average a contraction of five of the In-In distances about the vacancies for the negative charge states, resulting in bond lengths very similar to those in bulk In ͓average of 3.1% ͑−4.3%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔.
For the single, pair, and 3V N vacancy complexes, we carried out some convergence and cross-checks described as follows: Convergence tests for the formation energy of V N and 2V N shows that the differences between the 96-atom cell and the 128-atom cell are very small: i.e., 0.01 eV in the 1+ charge state for V N and 0.01 eV for both the neutral and 2+ charge states for 2V N . The width of the defect-induced states for 2V N decreases by only 0.018 eV for the 128-atom supercell, as compared to the 96-atom supercell. All-electron calculations using the LDA and the DMOL 3 code with a 2 ϫ 2 ϫ 2 k-point mesh give a formation energy of 1.39 eV ͑1.34 eV͒ in a 72-atom ͑96-atom͒ supercell for neutral V N . For neutral 2V N and 3V N , the formation energies are 1.38 eV ͑1.33 eV͒ and 1.32 eV ͑1.32 eV͒ per vacancy, respectively. The formation energies obtained by DMOL 3 using the generalized-gradient approximation also confirms the clustering tendency of the ͑neutral͒ nitrogen vacancies. 41 In general, the formation energies obtained by the all-electron calculations for the neutral nitrogen vacancy clusters ͑2V N and 3V N ͒ are lower ͑0.5-0.6 eV͒ than the present pseudopotential plane-wave calculations using the nlcc approach; this may be due to the overestimation of the cohesive energy of InN in the nlcc approach, i.e., it costs more energy to remove a N atom, and may also be due to the fact that the all-electron calculations yield a smaller band gap so that occupied defect states at or above the conduction band minimum will be at a lower energy. The overall qualitative behavior, however, is reproduced.
For four nitrogen vacancies, clustering is still preferred. The most favorable structure out of a search of nine structures is that where the vacancies form a "rhombus structure," involving two in-plane and two out-of-plane sites ͓see Fig.  3͑b͔͒ . The next most favorable is a "pyramid structure" ͑one out-of-plane site above three in-plane sites͒, which is less stable by 0.35 eV. For the favorable complex, there is a contraction of nine of the In-In distances about the vacancies, resulting in bond lengths very similar to those in bulk In ͓average of 4.1% ͑−3.3%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔. This constitutes an average effective inward displacement toward the vacancy of the surrounding In atoms by about 11%. The rhombus structure complex induces an increased number of defect states in the conduction band region compared to the 3V N and 2V N complexes, where there are two fully occupied singlet states, as well as several unoccupied levels, as seen in Fig. 4 . We therefore consider the positive charge states from 1+ to 4+, as well as the negative charge states from 1− to 4−. We find that all charge states except the 2Ϯ charge states are stable. As for the smaller complexes, the binding energy of the highest positive charge state ͑4+͒ is negative, showing that it is unbound ͑see Table II͒ . For all other charge states, the binding energy is positive, indicating that clustering is favorable. For these charge states, there is a contraction of the In-In distances about the vacancies, i.e., on average, 12 of the In-In distances are reduced, resulting in bond lengths very similar to those in bulk In ͓average of 2.6% ͑−4.7%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔.
By adding another vacancy to the most favorable configuration with four vacancies in the 128-atom cell, we find that the most stable structure from a consideration of six configurations is the one where three vacancies are in a line at inplane sites and the other two in another line at nearestneighbor out-of-plane sites ͓see Fig. 3͑c͔͒ . The next favorable structure is a symmetric "bipyramid" structure, which is 0.183 eV higher in energy. For the favorable complex, there is a contraction of 11 of the In-In distances about the vacancies, again resulting in bond lengths very similar to those in bulk In ͓average of 4.8% ͑−2.9%͒ larger ͑smaller͒ relative to the calculated ͑experimental͒ values͔. This constitutes an average effective inward displacement of the In atoms by 10% relative to the In-N bulk distance. The most favorable structure induces two fully occupied defect levels and one singly occupied defect level, as well as several unoccupied defect states, as seen in Fig. 4 . The number of induced states is 
site, relative to the bulk In-N bond length, for the defect complexes in various charge states q. A negative number for d indicates relaxation toward the vacancy. The binding energies are given with respect to the isolated neutral and single positive charge states for the neutral and positive charge states of the complexes. Since the single nitrogen vacancy does not exist in the single negative charge state, the binding energy of negatively charged complexes is given with respect to the 2V N 0,q− and 3V N 0,q− complexes. again greater than that for the 4V N and smaller complexes. We consider the ͑selected͒ 1+, 3+, and 5+, positive charge states as well as the 1− and 3− negative charge states, and find that all are stable. Again, the highest positive charge state ͑5+͒ is unbound. With regard to the lattice relaxations, for the 5V N complex in the negative charge states, they are very similar to the neutral charge state but are slightly more contracted, just as found for smaller complexes. This behavior is also analogous to the 6V N , as discussed below. For the six vacancy complex, we calculated five possible configurations based on the most favorable structure for five vacancy complexes. The most favorable configuration corresponds to six vacancies forming "two lines," which are situated at the nearest-neighbor "out-of-plane" sites ͓see Fig.  3͑d͔͒ . This defect complex induces three fully occupied singlet defect states and a large number of unoccupied states, as shown in Fig. 4 . For 6V N , we consider the ͑selected͒ 2+, 4+, and 6+ charge states, as well as the 2− and 4− negative charge states, and find that all are stable. As for the other complexes, the highest positive charge state ͑6+͒ is unbound with respect to isolated vacancies in the single positive charge state.
The total density of states of the vacancy complexes in the neutral charge state is shown in Fig. 5 ͑left panel͒, where the 4 for the nV N configurations ͑where n =1-4͒ for the highest positive charge states n + . We have carefully checked that all states lying at and between the arrows in Fig. 4 are indeed defect related states.
To investigate the character of the induced defect states and the resulting bonding in the region of the defect in more detail, we consider an electron localization function ͑ELF͒. This is a scalar function ⑀͑r͒ measuring the conditional probability of finding an electron in the neighborhood of another electron with the same spin. It is expressed as
where D͑r͒ is the Pauli excess energy density, that is, the difference between the kinetic energy density of the system and the kinetic energy of a noninteracting system of bosons at the same density. D h ͑r͒ is the same quantity for the homogeneous electron gas at a density equal to the local density. According to this definition, a value of ⑀͑r͒ close to 0.5 in the binding region indicates a metallic character; a value close to 1 is characteristic not only of a region where the electrons are paired to form a covalent bond but also of regions with an unpaired localized lone electron, i.e., a "dangling bond." We give an example of the ELF for 4V N in the neutral and 4− charge states in Fig. 7 . Here, the bright regions mean high localization ͑Ͼ0.8͒ and the dark regions indicate low localization. It is noted that in the neutral charge state there is a high localization about the In atoms neighboring the nitrogen vacancies and between the vacancies ͑as seen more clearly for the lower two vacancies͒. A high electron localization is also seen at all the N atoms, as expected. In the 4− charge state ͑right͒, the electrons are highly localized on the In atoms neighboring the nitrogen vacancies ͑as more clearly seen for the lower two In atoms͒. Similar features are found for the other nV N vacancy complexes.
D. Formation and binding energies
We calculate the formation energies of the defects as a function of the Fermi level E F , as shown in Fig. 8 . The formation energies for the vacancy complexes are given per vacancy. It can be seen that for a p-type material, the single nitrogen vacancy V N + has the lowest formation energy, but the formation energies of vacancy complexes and/or clusters per vacancy in the highest positive charge states are only slightly higher ͑practically degenerate͒. In more n-type materials, it can be seen that lower positive, neutral, and negatively charged vacancy complexes are predicted. The formation energy per vacancy of the vacancy complexes and/or clusters clearly decreases with the increasing number of vacancies for all but the highest positive charge states.
In Table II , the binding energies of the defect complexes are given per vacancy. All the calculations are performed in 128-atom supercells. As discussed earlier, it can be seen that for all charge states except the highest positive charge state for each complex, the binding energies are positive, which indicates that the interaction between vacancies is attractive. The magnitude of the binding energy per vacancy increases with the increasing number of vacancies in the complex for the neutral charge state, indicating that it is favorable to form larger clusters. For the highest positive charge states, which are present under more p-type conditions, all the binding energies are negative, although very small, showing that the defect-clusters are unfavorable in comparison to isolated V N + . We note that these same trends in all the binding energies are obtained irrespective of which reference defects we use. For example, for the 5V N 3+ complex, the binding energy is positive when using any one of the following reference states: ͑2 ϫ V N 0 +3ϫ V N + ͒, ͑2V N 0 +3V N 3+ ͒, or ͑V N 0 +4V N 3+ ͒. The fact that the N vacancies prefer to cluster together, i.e., giving local In-rich regions, could explain the reported metallic In inclusions in InN.
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IV. CONCLUSIONS
We have studied the electronic and structural properties and the formation energies of nitrogen vacancies in InN via first-principles density-functional theory calculations. The isolated vacancy acts as a donor in a p-type material where there is very little interaction between these singly positive charged vacancies. However, in more n-type materials, the neutral charge state becomes favored and we find that the vacancies then prefer to be situated close to one another on nearest-neighbor ͑like species͒ sites, forming "vacancy complexes or clusters." In the highest positive charge state of the complexes, clustering is unstable with respect to isolated single positive charged vacancies. However, the negatively charged and lower positively charged complexes also exhibit an attractive interaction between the vacancies, thus also favoring clustering. Such complex formation of nitrogen vacancy clusters results in a local In-rich region with a metallic-like bonding. It is possible that such structures are related to the experimentally reported In metal inclusions in InN.
